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Abstract
A connection between the neutrinos and the dark matter (DM) candidate is described in the neutrinophilic
DM model. In this model the DM particle and neutrinos can convert into each other and thus the interac-
tion leads to novel recoil spectrum in both the DM direct detection experiments and neutrino scattering
experiments. We study the detection of neutrinophilic DM by evaluating both the tree-level and loop-level
contributions to the coherent elastic neutrino-nucleus scattering and the DM direct detection. We illustrate
the detection by taking the framework of a simplified neutrinophilic DM model with a Dirac fermionic DM
χ and a spin-0 mediator. For the CP phase in the quark sector being 0 and pi/2, the detection processes are
dominated by the tree-level and loop-level contribution, respectively. We investigate the constraints on the
couplings between the mediator and the DM particle or the quarks by fitting to the COHERENT data. The
parameter space with mχ larger than the maximal energy of incoming neutrinos can be also constrained by
including the loop-level contribution. The DM absorption from the tree-level contribution is sensitive to
the sub-GeV DM and the elastic DM-nucleus scattering induced by loop diagrams can probe the DM with
several tens of GeV mass in future DM direct detection experiments.
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I. INTRODUCTION
The existence of dark matter (DM) has been established by abundant cosmological and astro-
physical observations. Apart from the gravitational effects originating from the DM in the large
scale, the microscopic nature of DM particles still remains unknown. The DM direct detection
(DD) looks for the DM scattering off the nucleus target materials and may reveal the DM charac-
teristics as elementary particle beyond the Standard Model (SM). On the other hand, the nature of
neutrinos is most analogous to that of DM in the SM and the neutrino flavor change in oscillations
indicates the only BSM physics observed in the laboratory so far. It is thus natural to expect that
there exists a connection between neutrinos and DM particle and one can unveil new physics from
the strong complementarity among different facilities of neutrino and DM DD experiments.
The so-called neutrinophilic DM model describes a hypothesis in which the DM particle (de-
noted by χ) only interacts with neutrinos [1–11]. This DM candidate can be realized as sterile
neutrinos (see a recent review Ref. [12] and references therein), a supersymmetric neutralino an-
nihilating into neutrinos via a sneutrino mediator [1], the lightest right-handed sneutrino [13] or in
the Majoron-like model with a light pseudoscalar boson [14–16]. The advantage of this model is
that the DM particle and neutrinos can convert into each other and thus the interaction can lead to
novel recoil spectrum in both DM DD experiments and neutrino scattering experiments. Recently,
different groups studied the conversion to an exotic fermion which could be a DM particle in the
coherent elastic neutrino-nucleus scattering (CEνNS) [17–20]. Also, given the reversed process
with an incoming χ and an emitted neutrino, Refs. [21] and [22] proposed the DD signature from
the absorption of fermionic DM to search for sub-GeV DM with vector interaction. Ref. [20]
studied the case of scalar interaction for DM absorption.
For the studies of DM-neutrino interaction in Ref. [20], the authors assumed that the interac-
tion is mediated by a scalar field a via the Yukawa couplings gχχ¯νa + gq q¯qa. The pseudoscalar
quark current q¯iγ5q however leads to effective coupling for nuclear spin-dependent (SD) interac-
tion which is determined by a sum over spin-up and spin-down nucleons with opposite signs [23]
and is thus neglected for heavy CsI nuclei in COHERENT experiment [24]. Analogously, in the
DM DD experiment, the corresponding tree-level DM-quark contact interaction through a pseu-
doscalar mediator can also result in a momentum-suppressed SD scattering cross section and thus
an undetectable event rate. In contrast, it is worth emphasizing that the tree-level interactions
induced by pseudoscalar quark current can generate loop diagrams which in turn give scalar in-
teractions and non-momentum-suppressed spin-independent (SI) scattering. This loop effect has
been taken into account in both simplified frameworks and UV complete models for detecting the
Weakly Interacting Massive Particle (WIMP) in direct DM detection [25–41].
In this work we investigate both the tree-level and loop-level contributions to the CEνNS and
the DM DD in the framework of a simplified neutrinophilic DM model. We assume generic DM-
neutrino currents interacting with SM quarks through a light spin-0 mediator with general CP
phases. For the CEνNS process, besides the scattering νN → χN with neutrinos converting to
DM at tree-level, the loop diagrams can also induce elastic scattering νN → νN with the interme-
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diate DM particle χ inside the loops. This additional contribution will affect the fit to COHERENT
data and play an important role when the scattering process νN → χN is kinematically forbidden
or the scalar current q¯qa is absent. With the incoming DM particle towards the nuclear target,
the tree-level and loop-level contributions lead to absorption and scattering detection strategies,
respectively. The DM absorption process χN → νN exhibits an enhanced nuclear recoil energy
and is sensitive to the lighter DM in the MeV regime. The ordinary elastic scattering off a nucleus
χN → χN induced by neutrinos in the loop diagrams can probe GeV scale WIMP DM.
This paper is organized as follows. In Sec. II we describe the simplified neutrinophilic DM
model. In Sec. III and IV we present the analytical expressions of the CEνNS cross section
and the cross section of DM scattering off a nucleus, respectively. Both the tree-level and loop-
level contributions are given in general forms. The numerical results are also shown. We discuss
other relevant constraints on this model in Sec. V. Our conclusions are drawn in Sec. VI. Some
calculational details are collected in the Appendix.
II. SIMPLIFIED NEUTRINOPHILIC DARKMATTER MODEL
We consider a Dirac fermion χ charged under lepton number as the DM candidate being a SM
gauge singlet. It is generally viewed as the sterile neutrino but can be a generic singlet fermion
which mixes with the neutrino fields ν. In the simplified neutrinophilic DM model, the neutrinos
interact with DM particle χ through a spin-0 field a and the mediator a couples to the SM quarks
as
L ⊃ gχaχ¯
(
cos θχ + iγ5 sin θχ
)
ν +
∑
q
gqaq¯
(
cos θq + iγ5 sin θq
)
q + h.c. , (1)
where θχ denotes the relative CP phase angle between ν and χ, and θq is the CP phase in quark
sector. Here we use a universal coupling gq for the interaction between SM quarks and the mediator
a. In practice, below we perform a generic hypothesis with different gq couplings for up-type and
down-type quarks. This hypothesis can be realized in the two-Higgs-doublet model (2HDM) [31,
32, 42] and one will see that the flavor constraints can be relaxed in this choice. The choice of
(θχ, θq) = (0, 0) is exactly the case with pure scalar mediator studied in Ref. [20]. The other CP
conserving case is (θχ, θq) = (pi/2, pi/2) with the field a being a pseudoscalar mediator. Generally,
the scenario with θq = pi/2 leads to suppressed SD interaction at tree-level and the detectable
signals are absent in both neutrino and DM DD experiments.
One should note that the above simplified hypothesis does not respect gauge invariance prior
to the SM electroweak symmetry breaking. Thus, we expect that there exist additional couplings
between a and the SM Higgs in specific UV complete models [31]. Without loss of generality, we
introduce a scalar trilinear coupling
L ⊃ 1
2
λhaav0ha
2 , (2)
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where v0 = (
√
2GF )
−1/2 ' 246 GeV is the SM Higgs vacuum expectation value (vev). We will
show that this interaction induces additional loop diagram in the scattering process.
In Fig. 1 we show the diagrams for the processes of neutrino or DM interacting with the nucleus
target at quark-level. For incoming neutrino (DM) processes, A = ν(χ), B = χ(ν). The tree-level
diagram in Fig. 1 (a) is generated by two vertexes from the two couplings in the Lagrangian
given in Eq. (1) and a mediator a in t channel. Fig. 1 (b) is a triangle diagram intermediated by
the λhaa coupling and the SM Higgs field h. Figs. 1 (c) and (d) are the box diagrams formed
by two a fields in the internal lines. Recent developments in the loop calculation include the
contributions from two-loop scattering diagrams in Figs. 1 (e) and (f) for scalar-type gluon operator
αs
pi
GaµνG
aµν [31, 33, 35]. The full two-loop calculation can be obtained by integrating out the heavy
quarks and the mediators in the loops. In next sections we will display how the effective operators
for the neutrino and DM scattering are formed from these diagrams.
(a) (b)
(c) (d)
(e) (f)
FIG. 1. Diagrams for the processes of neutrino or DM interacting with quark or gluon. For incoming
neutrino processes, A = ν,B = χ. For incoming DM processes, A = χ,B = ν.
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III. COHERENT ELASTIC NEUTRINO-NUCLEUS SCATTERING
For the incoming neutrino scattering ν(p1)q(k1)→ χ(p2)q(k2) in Fig. 1 (a) withA = ν,B = χ,
we obtain the tree-level matrix element
iMtree =
∑
q=all
−i
t−m2a
gχgqχ¯(p2)(cθχ + iγ5sθχ)PLν(p1)[cθq q¯(k2)q(k1) + sθq q¯(k2)iγ5q(k1)] , (3)
where PL = 1−γ52 , the Mandelstam variable t = (p1 − p2)2 and cx ≡ cos(x), sx ≡ sin(x). When
(θχ, θq) = (0, 0), this is exactly the case in Ref. [20] with scalar mediator. In the case of θq = pi/2,
the SI contribution from tree-level diagram to the neutrino-nucleus scattering is zero.
For the elastic scattering process ν(p1)q(k1) → ν(p2)q(k2), there are multiple loop-level con-
tributions as shown in Fig. 1. We first consider the one-loop triangle diagram with SM Higgs
exchange and the matrix element is
iMtriangle =
∑
q=all
−iλhaav0mχg2χ
(4pi)2(t−m2h)
C0[p
2
1, (p1 − p2)2, p22;m2χ,m2a,m2a]
× ν¯(p2)(c2θχ + iγ5s2θχ)PLν(p1)q¯(k2)q(k1) . (4)
In the zero momentum transfer limit t → 0 and taking massless neutrinos, the Passarino-Veltman
function C0 can be simplified as shown in the Appendix. One can see that the quark current is pure
scalar-type in this diagram due to the SM Higgs exchange. The matrix element of the one-loop
box diagrams is
iMbox =
∑
q=u,d,s
i
(4pi)2
g2χg
2
q
4mχmq
m2a
D00ν¯(p2)(c2θχ + iγ5s2θχ)PLν(p1)q¯(k2)q(k1)
+
∑
q=u,d,s
i
(4pi)2
g2χg
2
q4mχmqcθqD0ν¯(p2)(c2θχ + iγ5s2θχ)PLν(p1)q¯(k2)(cθq + iγ5sθq)q(k1)
+
∑
q=u,d,s,c,b
i
(4pi)2
g2χg
2
q
8
m2a
D001ν¯(p2)i∂
µγνPLν(p1)O
q
µν
+
∑
q=u,d,s,c,b
i
(4pi)2
g2χg
2
q
4mχ
m2a
D11ν¯(p2)(c2θχ + iγ5s2θχ)i∂
µi∂νPLν(p1)O
q
µν , (5)
where Oqµν is the twist-2 operator for quark
Oqµν =
i
2
q¯
(
∂µγν + ∂νγµ − 1
2
gµν∂
)
q . (6)
The Passarino-Veltman functions are also collected in the Appendix.
For the heavy quark loops in the two-loop diagrams, we calculate the amplitude using the Fock-
Schwinger gauge for the gluon background field [26, 43]. First, the amplitude contributing to the
effective operator aaGaµνG
aµν is
iMaaGG = iΠG(`
2)
αs
12pi
GaρσG
aρσ + iΠG˜(`
2)
αs
8pi
GaρσG˜
aρσ , (7)
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whereGaµν is the gluon field strength tensor and G˜aµν = 1
2
µναβGaαβ . Then, the complete two-loop
matrix element in Figs. 1 (e) and (f) reads
iM2−loop = −g2χ
∫
d4`
(2pi)4
ν¯(p2)[` +mχ(c2θχ + iγ5s2θχ)]PLν(p1)
× 1
[(`+ p1)2 −m2χ](`2 −m2a)2
[
ΠG(`
2)
αs
12pi
GaρσG
aρσ + ΠG˜(`
2)
αs
8pi
GaρσG˜
aρσ
]
=
[
CG,S ν¯(p2)PLν(p1) + CG,PS ν¯(p2)iγ5PLν(p1)
]−αs
12pi
GaρσG
aρσ
+
[
CG˜,S ν¯(p2)PLν(p1) + CG˜,PS ν¯(p2)iγ5PLν(p1)
]αs
8pi
GaρσG˜
aρσ , (8)
where ` denotes the momentum of the mediator a and
CG,S =
i
(4pi)2
∑
Q=c,b,t
g2χg
2
Qmχc2θχFG(p
2
1,m
2
χ,m
2
a,m
2
Q) , (9)
CG,PS =
i
(4pi)2
∑
Q=c,b,t
g2χg
2
Qmχs2θχFG(p
2
1,m
2
χ,m
2
a,m
2
Q) , (10)
CG˜,S = −
i
(4pi)2
∑
Q=c,b,t
g2χg
2
Qmχc2θχFG˜(p
2
1,m
2
χ,m
2
a,m
2
Q) , (11)
CG˜,PS = −
i
(4pi)2
∑
Q=c,b,t
g2χg
2
Qmχs2θχFG˜(p
2
1,m
2
χ,m
2
a,m
2
Q) . (12)
The above ΠG(`2),ΠG˜(`
2) and FG, FG˜ functions are all given in the Appendix.
The nucleon form factors are defined as [44, 45]
〈N |mq q¯q|N〉 = mNfNq N¯N , q = u, d, s , (13)
〈N |mQQ¯Q|N〉 = 〈N |−αs
12pi
GaµνG
aµν |N〉 = 2
27
mNf
N
G N¯N , Q = c, b, t , (14)
〈N |Oqµν |N〉 =
1
mN
(
pNµ p
N
ν −
1
4
m2Ngµν
)(
qN(2) + q¯N(2)
)
N¯N , q = u, d, s, c, b , (15)
for the SI interactions and those for SD interactions are
〈N |mq q¯iγ5q|N〉 = F q/NP (q2)N¯iγ5N , q = u, d, s , (16)
〈N |mQQ¯iγ5Q|N〉 = 〈N |αs
8pi
GaµνG˜
aµν |N〉 = FN
G˜
(q2)N¯iγ5N , Q = c, b, t . (17)
Next, we can obtain the matrix elements at nucleon-level
iMNtree =
−i
t−m2a
gχgqcθq
( ∑
q=u,d,s
mN
mq
fNq +
∑
Q=c,b,t
2
27
mN
mQ
fNG
)
× χ¯(p2)(cθχ + iγ5sθχ)PLν(p1)N¯(k2)N(k1) + SD , (18)
iMNtriangle =
−iλhaav0mχg2χ
(4pi)2(t−m2h)
C0
( ∑
q=u,d,s
mN
mq
fNq +
∑
Q=c,b,t
2
27
mN
mQ
fNG
)
6
× ν¯(p2)(c2θχ + iγ5s2θχ)PLν(p1)N¯(k2)N(k1) , (19)
iMNbox =
∑
q=u,d,s
i
(4pi)2
g2χg
2
qf
N
q
(4mχmN
m2a
D00 + 4mχmNc
2
θqD0
)
× ν¯(p2)(c2θχ + iγ5s2θχ)PLν(p1)N¯(k2)N(k1) + SD , (20)
iMN2−loop =
[
CG,S ν¯(p2)PLν(p1) + CG,PS ν¯(p2)iγ5PLν(p1)
] 2
27
mNf
N
G N¯(k2)N(k1) + SD .(21)
Here SD stands for SD terms which will be omitted in the following calculation.
Since χ is not detected in a neutrino scattering experiment, the total differential cross section
of CEνNS can be written as
dσ
dT
=
dσSM
dT
+
dσtree
dT
+
dσloop
dT
, (22)
where T is the nuclear recoil energy. The SM differential cross section is given by
dσSM
dT
=
G2FM
2pi
[ZgVp +Ng
V
n ]
2F 2(Q2)(2− MT
E2
) , (23)
where F (Q2) refers to the nuclear form factor with the moment transfer Q2 = 2MT . Here M
is the mass of target nucleus, E is the incoming neutrino energy, Z (N ) is the number of protons
(neutrons) in the target nucleus, gVn = −12 and gVp = 12 − 2 sin2 θW are the SM weak couplings
with θW being the weak mixing angle.
From Eq. (18), the tree-level differential cross section of νN → χN is
dσtree
dT
=
g2χg
2
NF
2(Q2)
16piE2(m2a + 2MT )
2
(2M + T )
(
2MT +m2χ
)
, (24)
where
gN = Zmp
( ∑
q=u,d,s
fpq
mq
+
∑
Q=c,b,t
2
27
fpG
mQ
)
gqcθq +Nmn
( ∑
q=u,d,s
fnq
mq
+
∑
Q=c,b,t
2
27
fnG
mQ
)
gqcθq .
(25)
Note that in order to produce a massive DM χ in the scattering νN → χN , the energy of the
incident neutrinos should be larger than a minimal energy [18, 19], i.e.,
E > mχ +
m2χ
2M
. (26)
From Eqs. (19), (20) and (21), we can write the loop-level differential cross section as
dσloop
dT
=
G2loopM
8piE2
F 2(Q2)
(
2MT + T 2
)
, (27)
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where
Gloop =
Z
(4pi)2
g2χmχmp
[
λhaav0
2MT +m2h
( ∑
q=u,d,s
fpq
mq
+
∑
Q=c,b,t
2
27
fpG
mQ
)
C0 (28)
+ 4
∑
q=u,d,s
g2qf
p
q
(D00
m2a
+ c2θqD0
)
+
2
27
fpG
∑
Q=c,b,t
g2QFG(p
2
1,m
2
χ,m
2
a,m
2
Q)
]
+
N
(4pi)2
g2χmχmn
[
λhaav0
2MT +m2h
( ∑
q=u,d,s
fnq
mq
+
∑
Q=c,b,t
2
27
fnG
mQ
)
C0
+ 4
∑
q=u,d,s
g2qf
n
q
(D00
m2a
+ c2θqD0
)
+
2
27
fnG
∑
Q=c,b,t
g2QFG(p
2
1,m
2
χ,m
2
a,m
2
Q)
]
.
One can see that the total differential cross section has no dependence on the mixing angle θχ.
This is because the tree-level amplitude and the loop-level amplitude have no interference in this
case and the neutrinos in the external legs are nearly massless. The measurement of the SM Higgs
decay at the LHC [46] implies the constraint on the coupling λhaa . 0.01 [35]. The flavor physics
also sets stringent constraints on the coupling gq for up-type quarks as discussed below. Thus, in
the numerical calculation, we neglect the coupling for up-type quarks and the triangle diagram and
the two-loop diagrams dominated by top quark contribution. We checked that this ignorance does
not affect our conclusion. For the nucleon form factors in SI interactions, we adopt the default
values in micrOMEGAs [47, 48].
The CEνNS process has been recently observed by the COHERENT experiment in a low-
threshold CsI detector at the 6.7σ CL. The neutrinos measured at COHERENT are generated from
the Spallation Neutron Source (SNS), and their fluxes are well known and given by
φνµ(Eνµ) = N0
2mpi
m2pi −m2µ
δ
(
1− 2Eνµmpi
m2pi −m2µ
)
,
φνe(Eνe) = N0
192
mµ
(
Eνe
mµ
)2(
1
2
− Eνe
mµ
)
, (29)
φνµ(Eνµ) = N0
64
mµ
(
Eνµ
mµ
)2(
3
4
− Eνµ
mµ
)
,
where N0 is a normalization factor determined by the setup of the COHERENT experiment. The
νµ component is produced from the stopped pion decays, pi+ → µ+ + νµ, which yield a monoen-
ergetic flux at (m2pi −m2µ)/(2mpi) ' 30 MeV. The ν¯µ and νe components are produced from the
subsequent muon decays, µ+ → e+ + ν¯µ + νe, and their energies have a kinematic upper bound at
mµ/2 ' 53 MeV.
The presence of DM-neutrino interaction will modify the COHERENT spectrum, which can
be seen in Fig. 2. We select two benchmark points to illustrate the effects of modified spectra:
• Case A: θq = 0, mχ = 10 MeV, ma = 100 MeV, and gχgq = 5.0× 10−9 ,
8
• Case B: θq = pi/2, mχ = 100 MeV, ma = 200 MeV, and gχgq = 0.01 .
In Case A, the modification to the SM spectrum is dominated by the tree-level scattering process,
νN → χN , and the loop-level contribution is negligible due to the small coupling constants. In
Case B, since mχ & 53 MeV, the tree-level process is kinematically forbidden, and the modifica-
tion to the SM spectrum is only contributed by the loop-level diagrams.
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FIG. 2. The expected CEνNS residual event as a function of the number of photoelectrons at COHERENT.
The black solid lines correspond to the SM case, and the red dotted (blue dashed) lines correspond to Case
A (B) with θq = 0, mχ = 10 MeV, ma = 100 MeV, and gχgq = 5.0 × 10−9 (θq = pi/2, mχ = 100 MeV,
ma = 200 MeV, and gχgq = 0.01).
Following Ref. [19], we evaluate the statistical significance of BSM by defining
χ2 =
15∑
i=4
[
N imeas −N ith(1 + α)−Bon(1 + β)
σistat
]2
+
(
α
σα
)2
+
(
β
σβ
)2
, (30)
where N imeas and N
i
th denotes the number of measured (predicted) events per energy bin, respec-
tively. α (β) represents the nuisance parameters for the signal rate (the beam-on background)
with a uncertainty of σα = 0.28 (σβ = 0.25) [24]. The statistical uncertainty per energy bin is
calculated by σistat =
√
N imeas + 2B
i
SS +B
i
on with BSS being the steady-state background from the
anti-coincident data, and Bon the beam-on background mainly consists of prompt neutrons.
To obtain the bounds on the neutrinophilic DM model, we first set θq = 0 and ma = 2mχ or
10mχ, and scan over possible values of the product of the coefficients gχgq for a given mχ. The
90% CL upper bounds on gχgq as a function of mχ are shown in Fig. 3. As we see from Fig. 3,
for mχ . 53 MeV, the upper bounds on gχgq are very strong, and can reach as small as 10−9 for
mχ = 1 MeV. For mχ & 53 MeV, however, the tree-level process νN → χN is kinematically
forbidden and the bounds become much weaker since the contribution from the loop diagrams is
relatively small. Thus, there exhibits a kink around mχ ' 53 MeV. Compare the left panel of
9
Fig. 3 to the right panel, we see that in general the bounds become weaker as the mediator mass
increases.
We also fix θq = pi/2 and obtain the 90% CL upper bounds on gχgq as a function of mχ. The
results are shown in the left and right panel of Fig. 4 for ma = 2mχ and ma = 10mχ, respectively.
From Eq. (25), we see that for θq = pi/2, the SI terms from the tree-level process vanish, and
the bounds are mainly determined by the loop-level contribution 1. For mχ ' 53 MeV, the pure
loop-level contribution constrains gχgq to be smaller than 0.003 (0.06) for ma = 2mχ (10mχ).
1 5 10 50 100 500 1000
10-11
10-9
10-7
10-5
0.001
0.100
mχ (MeV)
g χg q
θq=0, ma=2mχ
1 5 10 50 100 500 1000
10-11
10-9
10-7
10-5
0.001
0.100
mχ (MeV)
g χg q
θq=0, ma=10mχ
FIG. 3. The 90% CL upper bounds on gχgq as a function of the DM mass mχ from COHERENT. We
assume θq = 0 and ma = 2mχ (left), or ma = 10mχ (right).
1 5 10 50 100 500 1000
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g χg q
θq=π/2, ma=2mχ
1 5 10 50 100 500 1000
10-11
10-9
10-7
10-5
0.001
0.100
mχ (MeV)
g χg q
θq=π/2, ma=10mχ
FIG. 4. Same as Fig. 3, except for θq = pi/2.
1 In principle, for mχ . 53 MeV, the SD terms also contribute to the CEνNS process. The contribution is nonzero
for the odd-even nucleus in the CsI detector. As it is highly suppressed compared with the SI terms, we do not
consider its contribution here.
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IV. DIRECT DM DETECTION
At tree-level, the DM absorption is the reversed process with respect to that for the above
neutrino scattering. For χ(p1)q(k1)→ ν(p2)q(k2), we obtain the tree-level matrix element
iMtree =
∑
q=all
−i
t−m2a
gχgqν¯(p2)(cθχ + iγ5sθχ)χ(p1)[cθq q¯(k2)q(k1) + sθq q¯(k2)iγ5q(k1)] , (31)
with the Mandelstam variable t = (p1 − p2)2. Again, in the case of θq = pi/2, the SI contribution
from tree-level diagram to the DM absorption is zero. For the elastic scattering with incoming χ,
i.e. χ(p1)q(k1) → χ(p2)q(k2), the neutrinos are in the internal lines. Again we first consider the
one-loop diagram with SM Higgs exchange and the matrix element is
iMtriangle = Nν
∑
q=all
iλhaav0mχg
2
χ
(4pi)2(t−m2h)
(C1 + C2)χ¯(p2)χ(p1)q¯(k2)q(k1) , (32)
where Nν = 3 is the number of active neutrinos. We also collect the Passarino-Veltman functions
here and below in the Appendix. The matrix element of the one-loop box diagram is
iMbox = Nν
∑
q=u,d,s
i
(4pi)2
g2χg
2
q
4
m2a
[3
2
mχmqD001χ¯(p2)χ(p1)q¯(k2)q(k1)
+
1
4
m3χmqD111χ¯(p2)χ(p1)q¯(k2)q(k1)
]
+ Nν
∑
q=u,d,s
i
(4pi)2
g2χg
2
q
4mχ
m2a
[
mqD00χ¯(p2)χ(p1)q¯(k2)q(k1)
+
1
4
m2χmqD11χ¯(p2)χ(p1)q¯(k2)q(k1)
]
+ Nν
∑
q=u,d,s
i
(4pi)2
g2χg
2
q4mχmqcθq(D0 +D1)χ¯(p2)χ(p1)q¯(k2)(cθq + iγ5sθq)q(k1)
+ Nν
∑
q=u,d,s,c,b
i
(4pi)2
g2χg
2
q
4
m2a
[
2D001χ¯(p2)i∂
µγνχ(p1)O
q
µν +mχD111χ¯(p2)i∂
µi∂νχ(p1)O
q
µν
]
+ Nν
∑
q=u,d,s,c,b
i
(4pi)2
g2χg
2
q
4mχ
m2a
[
D11χ¯(p2)i∂
µi∂νχ(p1)O
q
µν
]
. (33)
Following the same procedure mentioned above, the two-loop matrix element is
iM2−loop = −Nνg2χ
∫
d4`
(2pi)4
χ¯(p2)(` +mχ)χ(p1)
× 1
(`+ p1)2(`2 −m2a)2
[
ΠG(`
2)
αs
12pi
GaρσG
aρσ + ΠG˜(`
2)
αs
8pi
GaρσG˜
aρσ
]
= Nν
[
CG,Sχ¯(p2)χ(p1)
−αs
12pi
GaρσG
aρσ + CG˜,Sχ¯(p2)χ(p1)
αs
8pi
GaρσG˜
aρσ
]
, (34)
where
CG,S =
i
(4pi)2
∑
Q=c,b,t
g2χg
2
Q
[
mχFG(p
2
1, 0,m
2
a,m
2
Q) +mχF
′
G(p
2
1, 0,m
2
a,m
2
Q)
]
, (35)
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CG˜,S = −
i
(4pi)2
∑
Q=c,b,t
g2χg
2
Q
[
mχFG˜(p
2
1, 0,m
2
a,m
2
Q) +mχF
′
G˜
(p21, 0,m
2
a,m
2
Q)
]
. (36)
After omitting the SD terms, the matrix elements at nucleon-level are
iMNtree =
−i
t−m2a
gχgqcθq
( ∑
q=u,d,s
mN
mq
fNq +
∑
Q=c,b,t
2
27
mN
mQ
fNG
)
× ν¯(p2)(cθχ + iγ5sθχ)χ(p1)N¯(k2)N(k1) + SD , (37)
iMNtriangle = Nν
iλhaav0mχg
2
χ
(4pi)2(t−m2h)
(C1 + C2)
( ∑
q=u,d,s
mN
mq
fNq +
∑
Q=c,b,t
2
27
mN
mQ
fNG
)
× χ¯(p2)χ(p1)N¯(k2)N(k1) , (38)
iMNbox = Nν
∑
q=u,d,s
i
(4pi)2
g2χg
2
qf
N
q
4
m2a
[3
2
mχmND001 +
1
4
m3χmND111
]
χ¯(p2)χ(p1)N¯(k2)N(k1)
+ Nν
∑
q=u,d,s
i
(4pi)2
g2χg
2
qf
N
q
4mχ
m2a
[
mND00 +
1
4
m2χmND11
]
χ¯(p2)χ(p1)N¯(k2)N(k1)
+ Nν
∑
q=u,d,s
i
(4pi)2
g2χg
2
qf
N
q 4mχmNc
2
θq(D0 +D1)χ¯(p2)χ(p1)N¯(k2)N(k1)
+ Nν
∑
q=u,d,s,c,b
i
(4pi)2
g2χg
2
q
(
qN(2) + q¯N(2)
)
× 4
m2a
[
2D001
3
4
mNmχ +mχD111
3
4
mNm
2
χ
]
χ¯(p2)χ(p1)N¯(k2)N(k1)
+ Nν
∑
q=u,d,s,c,b
i
(4pi)2
g2χg
2
q
(
qN(2) + q¯N(2)
)4mχ
m2a
D11
3
4
mNm
2
χχ¯(p2)χ(p1)N¯(k2)N(k1)
+ SD , (39)
iMN2−loop = NνCG,S
2
27
mNf
N
G χ¯(p2)χ(p1)N¯(k2)N(k1) + SD . (40)
For the DM absorption from the tree-level diagram, the differential cross section and the dif-
ferential rate per nuclear recoil energy are [21, 22]
dσtree
dER
=
|MT |2
16pivM2T
δ(ER − E0R) , (41)
dR
dER
= NT
ρχ
mχ
σNCA
2F 2(q)δ(ER − E0R)Θ(E0R − Eth) , (42)
where NT is the number of nuclear targets, the local DM density is ρχ ' 0.4 GeV/cm3, A is the
atomic mass number of the nucleus, Θ is the Heaviside theta function, Eth is the experimental
threshold, E0R = m
2
χ/(2MT ) and σNC =
m2χ
4pim4a
[
gχgqcθq
(∑
q=u,d,s
mN
mq
fNq +
∑
Q=c,b,t
2
27
mN
mQ
fNG
)]2
.
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Here and below we use N and T for nucleon and nuclear quantities, respectively. For the elastic
scattering from loop diagrams, we have [49]
dσTSI
dER
=
σNSIMT
2µ2χNv
2
Θ(E0R − ER) , (43)
dR
dER
= NT
ρχ
mχ
σNSIMT
2µ2χT
A2F 2(q)g(vmin) , (44)
g(vmin) =
∫
d3~v
f(~v)
v
Θ
(
v −
√
MTER
2µ2χT
)
, (45)
with µχT = mχMT/(mχ + MT ) being the reduced mass for the DM-nucleus system, E0R =
2µ2χTv
2/MT and f(~v) is the DM velocity distribution. The DM-nucleon SI scattering cross section
is given by
σNSI =
1
pi
( mχmN
mχ +mN
)2
|CN |2 , (46)
where CN is the summation of the coefficients in front of χ¯(p2)χ(p1)N¯(k2)N(k1) in the above
matrix elements.
In the DM absorption, as seen from Eq. (42), the DM particle deposits its mass energy and
the event rate exhibits a sharp peak at ER ' m2χ/(2MT ). This feature allows the search for
lighter DM at MeV regime based on both DD experiments and neutrino experiments with higher
energy threshold. In contrast, the nuclear recoil energy for the elastic scattering is decreased
by the DM velocity square and is too small to detect the loop diagram effect for sub-GeV DM
mass. Refs. [21, 22] presented the projected upper bounds on σNC at various DD experiments
and neutrino experiment by assuming the observation of 10 events. We translate the result to the
upper bounds on the coupling product gχgq as shown in Fig. 5, given θq = 0 and ma = 2mχ or
ma = 10mχ. One can see that the Xenon1T experiment [50] and the solar neutrino experiment
Borexino [51] can probe gχgq as small as 10−12 (10−11) for mχ & 30 MeV and ma = 2mχ
(ma = 10mχ). The CRESST experiment [52] can reach the DM mass less than 2 MeV.
To estimate the sensitivity of elastic DM scattering to the loop diagram, we take θq = pi/2
for illustration. There is no SI DM absorption from the tree-level contribution in this case. In
this scenario the DM particle deposits its kinetic energy onto the nucleus target in the detector.
The rate distribution spreads over the recoil energy and the scattering is sensitive to the WIMP
search in the GeV mass scale. Fig. 6 displays the bound on gχgq as a function of DM mass mχ
from elastic DM scattering via the loop diagrams. Note that we again neglect the up-type quark
coupling and the contributions from triangle diagram and the two-loop diagrams. The light blue
region indicates the parameter space excluded by the Xenon1T limit [50] and the light red region
can be probed by future experiments above the neutrino floor. For ma = 2mχ (10mχ), the future
DD experiment can probe the coupling product gχgq as small as 0.02 (0.4). Again, the constraint
becomes weaker as the mediator mass increases. The most sensitive DM mass is about 10 GeV.
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FIG. 5. The upper bounds on gχgq as a function of DM mass mχ from DM absorption. We assume θq = 0
and ma = 2mχ (left) or ma = 10mχ (right).
FIG. 6. The bounds on gχgq as a function of DM mass mχ from Xenon1T via elastic DM scattering.
The Xenon1T experiment [50] excludes the parameter space in the light blue region and the future DD
experiments can probe the light red region. The blank region is below the neutrino floor. We assume
θq = pi/2 and ma = 2mχ (left) or ma = 10mχ (right).
V. OTHER CONSTRAINTS
A. Stability of decaying DM
In this model the DM particle χ can decay into neutrinos and a photon via a one-loop diagram.
Requiring the DM being stable at the Universe time scale would set a very stringent bound on the
coupling gχgq [20]. In spite of this, as argued in Ref. [20], low DM mass can weaken the bound
due to the strong DM mass dependence in the decay rate. Also, the additional new physics at high
energy scale can cancel the above DM decay at low energy [21].
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B. Flavor constraint
The neutrinophilic DM model receives constraints from the invisible rare decays such asK+ →
pi+ + invisible via flavor changing neutral currents [53]. This rare decay is recently measured by
the NA62 experiment at CERN [54]. In this model the partial width for K+ → pi+a is [55, 56]
Γ(K+ → pi+a) = |f(gq)|
2 + |k(gq)|2
16pim3K+
λ1/2(m2K+ ,m
2
pi+ ,m
2
a) , (47)
f(gq) =
3m2K+
32pi2v20ms
gq cos θqf+(0)
∑
q=u,c,t
m2qV
∗
qdVqs , (48)
k(gq) =
4m2K+
32pi2v20ms
gq sin θqf+(0)
∑
q=u,c,t
m2qV
∗
qdVqsln
(m2W
m2q
)
, (49)
where λ(x, y, z) = x2 + y2 + z2− 2xy− 2yz− 2xz and f+(0) ≈ 0.9709 is the vector form factor
at zero momentum transfer. For KL → pi0 decay, one needs to replace V ∗qdVqs by Re[V ∗qdVqs] and
change the masses of kaon and pion. One can see that the contribution is from the up-type quarks
in the loop and Ref. [20] estimated the bound as gq . 1.58× 10−4.
The flavor observables through K → pi transitions thus set stringent constraints on gq coupling
for up-type quarks. We assumed non-universal gq couplings for up-type and down-type quarks and
neglected the up-type quark coupling in the above calculations.
C. DM relic abundance
The thermally averaged cross section of DM pair χχ¯ annihilation into a neutrino pair or a pair
of a is, to the leading order in DM velocity v,
〈σv〉 = Nνg
4
χm
2
χ
8pi(m2χ +m
2
a)
2
+
N2ν g
4
χ
192pimχ
√
m2χ −m2a
v2Θ(mχ −ma) . (50)
The thermal DM relic abundance is determined by the equation
Ωχh
2 =
1.07× 109 GeV−1
MPl
xF√
g∗
1
a+ 3b/xF + 20c/x2F
, (51)
for the expansion of annihilation cross section 〈σv〉 ∼ a + bv2 + cv4. Here, MPl ≈ 1.22 × 1019
GeV is the Planck mass, h is the Hubble parameter, g∗ is the number of relativistic degrees of
freedom, and TF is the freeze-out temperature appearing in xF = mχ/TF . We vary xF and g∗
in the range of 20 < xF < 30 and 80 < g∗ < 100, respectively, and adopt the relic abundance
measured by Planck, i.e. Ωχh2 = 0.1199± 0.0027. In Fig. 7, we show the lower bound on gχ as a
function of DM mass mχ by requiring the neutrinophilic DM to occupy a fraction of the observed
relic abundance.
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FIG. 7. The lower bound on gχ as a function of DM mass mχ from thermal relic abundance. We assume
ma = 10mχ or ma = 2mχ.
D. LHC constraint
The search for events with large missing transverse momentum with an energetic jet or the third
generation SM quarks at the Large Hadron Collider (LHC) may place bounds on the coupling gχgq.
One can see that there is no severe bound on the very light DM of interest with spin-0 mediator
from monojet search [57, 58] or the coupling of down-type quarks from the production in associ-
ation with bottom quarks [59]. The most stringent limits are from the associated production of tt¯
with missing transverse momentum. The pseudoscalar mediator mass around 20 GeV is excluded
at 95% confidence level, assuming the DM mass being 1 GeV and unitary top couplings [60].
This constraint is not severe in our discussion with absent up-type quark coupling. In addition, as
stated before, the search for Higgs invisible decay sets constraint on the coupling λhaa . 0.01 in a
specific Higgs portal model [46, 61].
VI. CONCLUSIONS
We investigate the detection of neutrinophilic DM in both the neutrino and DM experiments.
We consider both the tree-level and loop-level contributions to the CEνNS and the direct DM de-
tection in the framework of a simplified neutrinophilic DM model with a Dirac fermionic DM χ
and a spin-0 mediator a. The couplings between the mediator and the DM χ (the SM quarks) is pa-
rameterized by gχ (gq). For the CP phase in the quark sector θq = 0 (pi/2), the detection processes
are dominated by the tree-level (loop-level) contribution. We summarize our main conclusions in
the following:
• For θq = 0, the COHERENT experiment can set the upper bound of gχgq as small as 10−9
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for mχ = 1 MeV. Also, by including the loop-level contribution, the COHERENT data is
also sensitive to the mass region with mχ & 53 MeV, which is the maximal energy of the
incoming neutrinos measured at COHERENT. In general, the bounds become weaker as the
mediator mass increases.
• When θq = pi/2, by fitting to the COHERENT data, the loop-level contribution constrains
gχgq as small as 0.003 (0.06) for mχ ' 53 MeV and ma = 2mχ (10mχ).
• Given θq = 0 and incoming DM particle, one can make use of the DM absorption scenario
to probe the sub-GeV DM in both DM and neutrino detectors. The Xenon1T experiment
and the Borexino experiment can reach gχgq as small as 10−12 (10−11) for mχ & 30 MeV
and ma = 2mχ (ma = 10mχ). The CRESST experiment is sensitive to the DM as light as
mχ ' 2 MeV.
• For θq = pi/2, the elastic DM scattering is induced by the loop diagrams and is sensitive
to mχ ' 10 GeV. Future DD DM experiment can probe gχgq as small as 0.02 (0.4) in this
mass regime for ma = 2mχ (10mχ).
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Appendix A: Loop diagram calculation
1. The Passarino-Veltman functions for neutrino-nucleus scattering
For the elastic scattering process ν(p1)q(k1)→ ν(p2)q(k2), the Passarino-Veltman function for
the triangle diagram is
C0[p
2
1, (p1 − p2)2, p22;m2χ,m2a,m2a] = C0[0, 0, 0;m2χ,m2a,m2a] =
m2χln
(
m2a
m2χ
)
−m2a +m2χ
(m2a −m2χ)2
.(A1)
The Passarino-Veltman functions for the one-loop box diagrams are defined as
D0(p1,mχ,ma) ≡ D0[p21, p21, 0, 0, 0, p21; 0,m2χ,m2a,m2a] =
−m2a +m2χ +m2aln
(
m2a
m2χ
)
m2a(m
2
a −m2χ)2
, (A2)
D00(p1,mχ,ma) ≡ D00[p21, p21, 0, 0, 0, p21; 0,m2χ, 0,m2a]−D00[p21, p21, 0, 0, 0, p21; 0,m2χ,m2a,m2a]
17
=
m2a −m2χ −m2aln
(
m2a
m2χ
)
4(m2a −m2χ)2
, (A3)
D11(p1,mχ,ma) ≡ D11[p21, p21, 0, 0, 0, p21; 0,m2χ, 0,m2a]−D11[p21, p21, 0, 0, 0, p21; 0,m2χ,m2a,m2a]
= m2a
(m2a −m2χ)(m2a + 5m2χ)− 2m2χ(2m2a +m2χ)ln
(
m2a
m2χ
)
6m2χ(m
2
a −m2χ)4
, (A4)
D001(p1,mχ,ma) ≡ D001[p21, p21, 0, 0, 0, p21; 0,m2χ, 0,m2a]−D001[p21, p21, 0, 0, 0, p21; 0,m2χ,m2a,m2a]
= m2a
−2m2a + 2m2χ + (m2a +m2χ)ln
(
m2a
m2χ
)
12(m2a −m2χ)3
. (A5)
For the two-loop diagrams, the ΠG(`2) and ΠG˜(`
2) in Eq. (7) are
ΠG(`
2) =
∑
Q=c,b,t
g2Q
(mQ
v
)2 ∫ 1
0
dx
[ 3
2
x(1− x)
m2Q − `2x(1− x)
+m2Q
3x(1− x) + 2(−1− x+ x2)c2θq
2(m2Q − `2x(1− x))2
− m4Q
1− 3x+ 3x2 − (1− x)xc2θq
(m2Q − `2x(1− x))3
]
, (A6)
ΠG˜(`
2) =
∑
Q=c,b,t
g2Q
(mQ
v
)2 ∫ 1
0
dx
m2Qs2θq
(m2Q − `2x(1− x))2
. (A7)
The FG, FG˜ functions are
FG(p
2
1,m
2
χ,m
2
a,m
2
Q) =
∫ 1
0
dx
[
− 3
2
∂
∂m2a
X1
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
+ m2Q
3x(1− x) + 2(−1− x+ x2)c2θq
2x2(1− x)2
∂
∂m2a
X2
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
+ m4Q
1− 3x+ 3x2 − x(1− x)c2θq
x3(1− x)3
∂
∂m2a
X3
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)]
,(A8)
FG˜(p
2
1,m
2
χ,m
2
a,m
2
Q) =
∫ 1
0
dx
[
m2Q
s2θq
x2(1− x)2
∂
∂m2a
X2
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)]
, (A9)
where
X1
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
=
1
m2a −
m2Q
x(1−x)
[
B0(p
2
1,m
2
a,m
2
χ)−B0
(
p21,
m2Q
x(1− x) ,m
2
χ
)]
, (A10)
X2
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
=
1
m2a −
m2Q
x(1−x)
[
X1
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
− C0
(
p21,
m2Q
x(1− x) ,m
2
χ
)]
,
(A11)
X3
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
=
1
m2a −
m2Q
x(1−x)
[
X2
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
−D0
(
p21,
m2Q
x(1− x) ,m
2
χ
)]
,
(A12)
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and ∫
d4`
(2pi)4
1
[(`+ p)2 −M2](`2 −m2) =
i
(4pi)2
B0(p
2,m2,M2) , (A13)∫
d4`
(2pi)4
1
[(`+ p)2 −M2](`2 −m2)2 =
i
(4pi)2
C0(p
2,m2,M2) , (A14)∫
d4`
(2pi)4
1
[(`+ p)2 −M2](`2 −m2)3 =
i
(4pi)2
D0(p
2,m2,M2) . (A15)
2. The Passarino-Veltman functions for DM-nucleus scattering
For the elastic scattering χ(p1)q(k1)→ χ(p2)q(k2), in the zero momentum transfer limit t→ 0,
the Passarino-Veltman function is simplified as
C1[p
2
1, (p1 − p2)2, p22; 0,m2a,m2a] = C2[p21, (p1 − p2)2, p22; 0,m2a,m2a] =
(m2χ −m2a)ln
(
m2a
m2a−m2χ
)
+m2χ
2m4χ
.
(A16)
The Passarino-Veltman functions for the box diagrams are defined as
D0(p1,mχ,ma) ≡ D0[p21, p21, 0, 0, 0, p21; 0, 0,m2a,m2a] =
ln
(
1− m2a
m2χ
)
m4a
, (A17)
D1(p1,mχ,ma) ≡ D1[p21, p21, 0, 0, 0, p21; 0, 0,m2a,m2a]
=
(m4a +m
4
χ)ln
(
m2a
m2a−m2χ
)
−m2χ
(
m2χln
(
− m2a
m2χ
)
+m2a
)
2m4am
4
χ
, (A18)
D00(p1,mχ,ma) ≡ D00[p21, p21, 0, 0, 0, p21; 0, 0, 0,m2a]−D00[p21, p21, 0, 0, 0, p21; 0, 0,m2a,m2a]
=
(m2a + 2m
2
χ)
[
m2am
2
χ + (m
2
a −m2χ)2ln
(
1− m2a
m2χ
)]
−m6aln
(
− m2a
m2χ
)
12m4am
4
χ
,(A19)
D11(p1,mχ,ma) ≡ D11[p21, p21, 0, 0, 0, p21; 0, 0, 0,m2a]−D11[p21, p21, 0, 0, 0, p21; 0, 0,m2a,m2a]
= −
(m6a + 2m
6
χ)ln
(
1− m2a
m2χ
)
−m6aln
(
− m2a
m2χ
)
+m2am
2
χ(m
2
a + 2m
2
χ)
3m6χm
4
a
,(A20)
D001(p1,mχ,ma) ≡ D001[p21, p21, 0, 0, 0, p21; 0, 0, 0,m2a]−D001[p21, p21, 0, 0, 0, p21; 0, 0,m2a,m2a]
=
1
24m4am
6
χ
[
2(m2a −m2χ)
(
(m6a −m6χ)ln
( m2a
m2a −m2χ
)
+m6χln
(
− m
2
a
m2χ
))
+ m2am
2
χ(−2m4a +m2am2χ − 2m4χ)
]
, (A21)
D111(p1,mχ,ma) ≡ D111[p21, p21, 0, 0, 0, p21; 0, 0, 0,m2a]−D001[p21, p21, 0, 0, 0, p21; 0, 0,m2a,m2a]
=
1
4m4am
8
χ
[
2(m8a +m
8
χ)ln
(
1− m
2
a
m2χ
)
− 2m8aln
(
− m
2
a
m2χ
)
+ m2am
2
χ(2m
4
a +m
2
am
2
χ + 2m
4
χ)
]
, (A22)
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The F ′G, F
′
G˜
functions for the two-loop diagrams are
F ′G(p
2
1,m
2
χ,m
2
a,m
2
Q) =
∫ 1
0
dx
[
− 3
2
∂
∂m2a
Y1
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
+ m2Q
3x(1− x) + 2(−1− x+ x2)c2θq
2x2(1− x)2
∂
∂m2a
Y2
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
+ m4Q
1− 3x+ 3x2 − x(1− x)c2θq
x3(1− x)3
∂
∂m2a
Y3
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)]
,(A23)
F ′
G˜
(p21,m
2
χ,m
2
a,m
2
Q) =
∫ 1
0
dx
[
m2Q
s2θq
x2(1− x)2
∂
∂m2a
Y2
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)]
, (A24)
where
Y1
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
=
1
m2a −
m2Q
x(1−x)
[
B1(p
2
1,m
2
a,m
2
χ)−B1
(
p21,
m2Q
x(1− x) ,m
2
χ
)]
, (A25)
Y2
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
=
1
m2a −
m2Q
x(1−x)
[
Y1
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
− C2
(
p21,
m2Q
x(1− x) ,m
2
χ
)]
,
(A26)
Y3
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
=
1
m2a −
m2Q
x(1−x)
[
Y2
(
p21,m
2
χ,m
2
a,
m2Q
x(1− x)
)
−D3
(
p21,
m2Q
x(1− x) ,m
2
χ
)]
,
(A27)
and ∫
d4`
(2pi)4
`µ
[(`+ p)2 −M2](`2 −m2) =
i
(4pi)2
pµB1(p
2,m2,M2) , (A28)∫
d4`
(2pi)4
`µ
[(`+ p)2 −M2](`2 −m2)2 =
i
(4pi)2
pµC2(p
2,m2,M2) , (A29)∫
d4`
(2pi)4
`µ
[(`+ p)2 −M2](`2 −m2)3 =
i
(4pi)2
pµD3(p
2,m2,M2) , (A30)
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